This paper presents an improved model for an automotive electronic throttle inspired on the behaviour observed in real-time experiments. Due to a number of issues, particularly the return-spring, the performance of the throttle valve depends on whether it is opening or closing. This asymmetric behaviour was taken into account to design a mathematical model of the throttle body and to derive a nonlinear asymmetric Proportional Integral controller. The experimental demonstration suggests that considering an asymmetric term dramatically improves the performance of the controller.
INTRODUCTION
In fuel-injected engines, a throttle is a valve that regulates the amount of air entering the engine, which indirectly controls the power or speed of the engine [1] . Up until the late 1980s, most cars had a mechanical throttle body that was mechanically linked to the accelerator. However, today, almost all cars use electronic throttle control (ETC), which is referred to as drive-by-wire [2] . ETC uses electronic, rather than mechanical, signals to control the throttle. As the engine management system of modern vehicle relies heavily on the performance of this servomechanism, the underlying control system must be efficient, robust and easily tunable. ETC system has a direct current motor that manipulates the throttle valve and a sensor to measure the throttle position. The return spring restores the throttle to the so-called limp-home position in the case of a power supply failure [3] (Figure 1 ). From a control viewpoint, this problem seems to be a simple one of controlling a low-powered direct current servo drive to position the throttle plate. However, a number of issues make the application of the control principle a little more difficult, especially in a mass-production context, such as friction, limp-home nonlinearity and parameter dispersion, among others [4] [5] [6] [7] [8] [9] [10] . Also, throttle modelling and identification is a hard issue due to these nonlinear phenomena [11] , but for the control design, simplified models for a throttle body can be considered [12, 13] .
Some important topics of the throttle valve, particularly the return spring, show that its behaviour depends on whether it is opening or closing. This asymmetric performance is considered here to model the throttle body and to derive a nonlinear asymmetric Proportional Integral (PI) controller. These two issues (modelling and control design) represent the main contribution of this paper. In addition, we implemented and checked the control rule in a laboratory experimental environment that includes a real throttle (a continental VDO electronic throttle body, Model A2C59511705, P.N. 06F13306J, used in many vehicles). We referred this setup to as a Hardware-in-the-Loop (HiL) demonstration, as in [7] . This paper is structured as follows. Section 2 describes the proposed throttle modelling and the HiL test platform. Section 3 derives the asymmetric PI controller. The HiL testing results are presented in Section 4. Finally, Section 5 states the conclusions.
MODELLING AND OFF-LINE PARAMETER ESTIMATION
In order to introduce the notation, a well-known model of the throttle body is recalled. Based on this simple model, in the sequence, we propose an improved model that takes into account an observed asymmetric behaviour of the throttle body.
The relationship between the valve plate position x 1 .t/ and the angular velocity of the rotor is P
where b is a parameter that depends on the throttle gears [14] . The throttle dynamics can now be expressed by summing up the moments about the throttle shaft [15] [16] [17] . There are four main moments acting upon the shaft, as follows. The moment from the return spring, the viscous and Coulomb friction moments, and the moment applied by the electric motor:
where Table I defines the variables and constants in (1) . Thus, the mathematical model of the throttle body in the state space is given by:
(2) 
Verification of the asymmetric behaviour
To study the behaviour of the system described in Equation (2), we consider a standard proportional control law, which stabilizes the system without requiring knowledge about the servomechanism parameters. The control objective is to follow a reference position,
The proportional gain, K p , is tuned online. Figure 3 shows the experimental performance of the proportional control described in Equation (3). It can be observed that the performance of the throttle valve depends heavily on whether it is opening or closing. This is justified by the fact that the return spring is dissipating energy when the throttle valve is on its way back to its limp-home position. We can observe in Figure 3 that when going downstairs the overshoots are bigger than upstairs. The return spring has a kind of influence on the parameter K d stated in Equation (1) . We propose a modified mathematical model that takes into account this kind of asymmetric behaviour:
When a 2 C D a 2 , Equation (4) retrieves Equation (2). As we will see in Section 3, the asymmetry will also be used to design what we have referred to as an asymmetric PI controller. 
Parameter Estimation
Now, we present the methodology that was used to estimate the parameters of the throttle model given in Equation (4). Using the adaptive parameter identification method presented in [20] , we estimate these parameters using a persistent excitation (PE), presented in Figure 4 , that is rich enough to excite all of their modes as required for estimate of all the parameters [20, 21] . The goal is to select an appropriate PE signal. According to Slotine and Li [22] (Chap. 8), for linear systems, the convergent estimation of m parameters requires at least m 2 sinusoids on the input excitation signal. Although our model is nonlinear (4) , it approaches to a linear system when x 2 is positive and to another one when x 2 is negative. Thus, in our estimation scheme, we use it to realize an excitation signal containing three sinusoid terms (shown in Figure 4 ). The closed loop system described in Equations (3)-(4) is written as 
The adaptive laws are given by
where and are positive design numbers to be specified. To stabilize the parameter identification scheme (6)- (7) and to solve the drift parameter problem [22] , a linear term is added in the dynamics, using the well-known -modification technique (see [23, 24] and references therein). Table II presents the estimated parameter values (considering D 1, D 0:1 and D 0:1). It is noteworthy that parameters a 2 C and a 2 tend to different values, thus showing the asymmetric behaviour of the throttle body and the proposed model (4) . Figure 4 plots the reference signal
whereas Figures 5 and 6 show the time history plots of estimated system parameters.
At this respect, our proposed model is a simple one but captured the asymmetric behaviour. Figure 7 plots the performance of the proposed model (4) with the estimated parameters in Table II , in front of the real experimental setup, showing an acceptable behaviour. Moreover, by comparing the experimental validation of the model used in [4] and [5] with ours, we can appreciate that the error between the model and the experimental response is smaller in our case (error approximatively reduced by 10%). 
ASYMMETRIC PI CONTROL

Definition
It is well known that PI control can assure closed-loop stability without requiring knowledge of the servomechanism parameters [25] [26] [27] [28] [29] . We propose a modification of the standard PI controller as follows. The main idea is to account in the controller the asymmetric property observed in the throttle mechanism. For this purpose, a nonlinear asymmetric PI controller is defined as follows:
where x 1 ref is assumed constant and the control parameters, K p , K 1 and K 2 , are tuned on-line. Note that when K 1 D K 2 , a standard PI controller is obtained. It follows immediately from (4) and (8) that the controlled asymmetric system reads as when x 2 .t/ > 0:
when x 2 .t/ < 0:
Stability analysis
Our control objective consists on proving that the closed-loop system (9)-(10) satisfies lim t !1
and lim t !1
Defining the error vector as e.t/ D .e 1 .t/; e 2 .t/; e 3 .t// T , where
the closed-loop system (9)-(10) has the following representation: 
Formally, we can define the switching surface as s w .e 2 / D ¹e 2 D 0º. According to Filippov's theory [30], a vector solution e.t/ to (11) is said to exist if it is absolutely continuous on OE0; 1/, and for almost all t 2 OE0; 1/; P e 2 C OEf 1 ; f 2 .e/;
where C OEf 1 ; f 2 denotes the convex closure over all sets of measure zero. Also, using Filippov's theory, system (11) with (12)-(13) is said to be quadratically stable if there exists a positive definite matrix P D P T > 0, such that for V .e.t// D e T .t/P e.t/, the following conditions hold [31]:
(i) e.t/ 2 R 3 ¹e 2 D 0º: P V .e.t// D @V .e/ @e P e.t/ < 0. Using (11) , condition (i) reduces to the following linear matrix inequality:
Condition (14) defines a first restriction on design control parameters K p , K 1 and K 2 . Employing now e 2 D 0, condition (ii) reduces to sup˛2 OE0;1 A.˛/e 2 1 C B.˛/e 1 e 3 C C.˛/e 2 3 < 0; 
HIL TESTING
The HiL testing shows that the asymmetric PI controller (K 1 ¤ K 2 ) outperforms the standard PI controller, as observed in Figures 8 and 9 for a triangular reference signal. For a precise comparison, we consider the index performance J e J e .t/ D
where t is the total time of the experiment. In practice, we consider the control under three different cases, as follows:
Case 1: K 1 < K 2 (K 1 D 13; K 2 D 17); Case 2: K 1 D K 2 (K 1 D K 2 D 15: standard PI); and Case 3: K 1 > K 2 (K 1 D 20; K 2 D 10).
Note that these values K 1 and K 2 , with K p D 27, verify the stability conditions (14) and (15) , as shown in appendix.
To evaluate controller performance, two groups of experiments are completed, one using a triangular reference command and the other employing sinusoidal signal. The experimental data obtained from the HiL testing indicates that the asymmetric PI controller outperforms the standard PI. In particular, for these references, case 3 (K 1 > K 2 ) generates the best experimental performance from the system response. Figures 8-10 plot the performance using triangular reference, and Figures 11 and 12 sinusoidal reference. The hysteresis profile is shown in Figure 13 for the triangular reference signal.
CONCLUSIONS
The main contribution of this work is to propose a mathematical model for the throttle body, a largely used automotive device, and the model is able to incorporate an asymmetric behaviour observed in practice. An improved PI controller that takes into account this asymmetry is derived. According to the HiL experiments, the proposed asymmetric PI controller is robust against un-modelled nonlinearities and friction phenomena. Even while the controller was designed under the assumption of constant reference, according to experiments, the proposed controller is able to follow 'slow-time varying' reference signals.
APPENDIX
In this appendix, we verify stability conditions (14) and (15) for each experimental case, as detailed in Section 4: Case 1: K 1 < K 2 (K 1 D 13; K 2 D 17); Case 2: K 1 D K 2 (K 1 D K 2 D 15: standard PI); and Case 3: K 1 > K 2 (K 1 D 20; K 2 D 10).
Solving condition (14) for each case, we obtain To prove condition (15) , note that for all cases A.˛/ < 0, 8˛2 .0; 1/ due to the positiveness of p 13 . Also, it is easy to prove A.˛/ C.˛/ 1 4 B 2 .˛/ > 0. So, for three cases under study, condition (15) defines a negative quadratic form, and its supremum is negative. Figure A1 represents condition (15) in the three cases (˛from 0 to 1, by step 0.05).
